Abstract: Recent advances in nanowire research emphasize on its promising applications in nanoelectronics, nanophotonics, nanomedicine, and nanoelectromechanical systems (NEMS). Even with many advances, the joining of nanowires has become a critical issue for future device miniaturization and integration. With the help of in situ manipulation, directed assembly and self-assembly, much progress has been made towards joining of nanowires such as welding, soldering, fastener materials, and controlled localized deposition. These methods provide multiple choices for joining nanowires of various materials, at the mean time good electrical conductivity and mechanical strength can be achieved. This paper reviewed the state-of-the-art techniques for joining nanowires, and discussed the advantages and limitations of each method. The process and mechanism of these techniques are described in three categories: nanowirenanowire joining, nanowire network joining, and nanowire-contact pad/electrode joining.
INTRODUCTION
Ever since Iijima discovered the carbon nanotubes in 1991 [1] , the heat of nano related researches and industrial development has spread all over the world and tremendous effort has been made in the synthesis of novel nanomaterials and nanostructures. Now, after two decades of progress, numerous nanomaterials have been successfully fabricated and their structures and properties intensively studied. Among them, one-dimensional nanostructures, especially nanowires have received substantial interest due to their outstanding electrical, optical, magnetic and biological properties. In the field of electronic engineering, wire-shaped objects are obviously the most used components, because of their geometrical efficiency in electron transportation and building connections to form compact circuits. Hence nanowires, without doubt, play a significant role in the progress of device miniaturization toward micro/nano electronics and devices. Plus, nanowires are capable of being used as functional components other than just electrical connection and mechanical support, e.g. semiconducting nanowires for field effect transistors (FETs) [2] , surface modified nanowires for bio-detection [3] . So far, researchers have gained much experience in fabricating nanowires using physical deposition (vapor-solid/vapor-liquid-solid/solutionliquid-solid growth) [4] [5] [6] , electrospinning [7] , electrodeposition [8, 9] , thermal oxidation growth [10, 11] and nanolithography [12, 13] . Up to date, metal [14] , semiconductor [15] and conducting polymer [16] have been utilized to make nanowires. This large variety in composition enables the promising applications of nanowires as transistor [17, 18] , chemical sensor [19, 20] , optics [21] , catalyst [22, 23] , battery [24, 25] , solar cells [26, 27] , etc.
*Address correspondence to this author at the Department of Chemical Engineering, University of Massachusetts Lowell, USA; Tel: 1-978-934-3540; E-mail: Zhiyong_Gu@uml.edu Nowadays, more attention is being paid to some new fields which make use of and benefit from nanowires, including photonics [28, 29] , optoelectronics [21, 30] and NEMS [31, 32] . Self-assembly [33, 34] and directed assembly [35, 36] of nanowires have been achieved with the help of molecular interactions and micro/nano fabrication [37] . However, there are still several technical obstacles against fully use of the unique properties of nanowires, for example, some assembled nanowires are loosely connected to each other or to the electrodes/contact pads without effective interconnections. This would bring up the issue for effectively joining nanowires.
Various joining processes such as welding, soldering and mechanical bonding are being developed for the formation of nanowire interconnects, networks and contacts with electrodes. This review article summaries the recent progress in nanowire joining, and presents the categorized joining methods by three formations mentioned above. Specific joining mechanism and features of each method are discussed to provide a better understanding of joining in the nano-scale.
CURRENT STATE-OF-THE-ART JOINING METHODS
Confined by the current shaping and machining techniques [38, 39] , some of the widely used joining methods are not applicable in nanoscale. For example, nanoscale mechanical bonding methods using seals and gaskets are not available currently since they require the fabrication of objects even smaller than the structures of research interest. Also, for mechanical joining systems, screws and bolts are commonly used yet cheap and easy to deploy the joining; however, unless there is much progress on micro machining equipments, it is not possible to do machining on nano-objects which probably need the precision around sub angstrom level. Meanwhile, some delightful aspects of nanostructures such as melting point depression, ultra pure and smooth surface, have illustrated that there is much room to develop new joining methods based on these unique properties that only exist in this small size scale. For example, Lu et al. demonstrated cold joining of ultra-thin gold nanowires that occurs at room temperature in vacuum [40] ; Gu et al. explored the use of diffusion bonding to form metallic contacts between gold nanowires in liquid phase at a temperature range much lower than the melting point of gold [41] . These could make simple and spontaneous joining process to compensate the inability of being machined.
In Table 1 , we listed the current methods for nanowire joining, including their advantages and limitations. The following context on nanowire joining will be divided into three sections -nanowire-nanowire joining, nanowire network joining and nanowire-contact pad/electrode joining, according to the type of contact formation. Detailed discussion of each method will be presented.
NANOWIRE-NANOWIRE JOINING

Cold Welding
Cold welding of nanowires could be considered as an excellent example to illustrate the significant difference on material properties when its size reduced from macroscale to nanoscale. Lu et al. have shown that nearly perfect joining was achieved between two gold nanowires or silver nanowires by cold-welding technique. High-resolution transmission electron microscopy (HRTEM) and in situ measurements further revealed that the welded regions have the same crystal orientation, strength and electrical conductivity as the rest of the nanowire [40] . In their experiments, only mechanical contact alone could trigger the welding process in high vacuum at room temperature, and it took a very short time period to complete the welding process. In conventional cold welding, a high pressure is applied to flatten surface, lowering the asperity and making more touching points, while in nanowire cold welding this is not necessary since in nanoscale the contact condition is more ideal. Also, gold is well known to be a malleable and ductile metal with a good resistance to oxidation and cold welding of gold under ambient conditions without high loading has been studied by Ferguson et al. [42] . Noticeably, the welding of two single nanowires can be carried out in both head-to-head and side-to-side mode. Fig. (1) shows the welding process of two gold nanowires imaged by HRTEM, from indicating (a) head-to-head and (b) side-to-side joints formed by cold welding process. Atomic diffusion and surface relaxation play an important role in both macro and micro scale cold welding [42] [43] [44] . Also, an 'orientedattachment' mechanism as reported for PdSe nanocrystal was mentioned by author to explain the matching of nanowires' crystallinity [45, 46] .
Fusion Welding
Fusion welding is a process that involves the formation and solidification of a liquid phase at the interface. Conventional arc welding, laser welding and electron beam welding all belong to this category. Fusion welding in the nano-scale could be accomplished in several ways, such as Joule heating, electron-induced local heating, or direct heating. All of these methods have been proved to cause the chain action of phase change inter-diffusion cooling down, to join similar or dissimilar metal/semiconductor materials.
Tohmyoh and colleagues [47] used nano-manipulators to place two platinum nanowires in contact, and then applied a constant direct current to perform the welding. Fig. (2) shows the scanning electron microscopy (SEM) images of two platinum nanowires after straight welding (a) and lap welding (b). From the images, the typical morphological deformation was observed. The underlying mechanism is that once two nanowires were brought into contact, the real touching area is quite small. The resulted contact resistance is very high compared with that of nanowire due to the slightly irregular surface of the nanowires. When electrical current was applied, this specific region would accumulate a May damage the sample large amount of heat by Joule heating to locally rise the temperature high enough to melt the metal. Once the nanowire tips melted locally to form better contact, both electron and thermal conduction would get prompted, leading to heat generation drop and the heat conduction in the nanowires, respectively. Counting in the heat convection from the surfaces, the heat lost forced the temperature at the contact area fell rapidly as the metal solidified, and the weld phenomenon occurred. Recent progress in the technique of welding by Joule heating is reported by Fukui and colleagues [48] . Using the same concept and repeated welding procedure, Pt nanowires have been assembled into T-shaped (2D) and triaxis-shaped (3D) structures.
Fusion welding of nanowires can also be conducted using electron beam as the heating source. Although traditionally electron beam is mainly used in electron microscopy for material characterization, providing topography images and compositional analysis, several new applications of electron beam have been developed for lithography, restructuring, metallization and heat source. When the electron beam hit a solid nanowire, electrons tend to lose a small portion of the kinetic energy via inelastic scattering within the specimen. These inelastic events cause heat generation, and the consequential effects at atomic level include diffusion and heat dissipation, etc. [49] [50] [51] [52] [53] . So if the electron beam was targeted at the junction area of two nanowires, the irradiated local melting could be utilized for the welding process. Fig.  (3) shows the welding results of single-crystalline gold nanowires being welded at their overlapping regions to from a closed loop [54] . Besides gold nanowires, silver, copper, nickel, tin and silicon nanowires were also welded using the same method. The successful welding of dissimilar materials further proved the magnificent heat generated by electron beam.
Melting is critical in fusion welding process. If certain confinement could be applied to surround the molten materials like a mold, the joining parts after solidification would still keep the original wire shape. In particular, Wu and Yang reported a method of joining two germanium nanowires sealed inside carbon sheath [55] . Germanium nanowires were first synthesized via vapor-liquid-solid mechanism, and then coated with a thin layer of carbon sheath which has a high melting point and could provide mechanical support when germanium melts. When two individual nanowires were manipulated into contact, the sheath ruptured at the tips. If the sample stage further heated the inside germanium nanowires over melting temperature, the liquid germanium would spray out and eventually merge to a single wire as shown in Fig. (4) . 
Soldering
The successful use of nanoscale solder materials to assemble nanowires has been demonstrated by several researches. Peng and colleagues [56] showed that two individual nanowires were selected and positioned by SEM nanomanipulators into a desired pattern; a sacrificial nanowire was picked up by the same manipulators at two (Fig. 5a) , and later on to be placed in the junction area to perform soldering ( Fig. 5b-d) . The good electrical conductivity of this solder joint was observed by testing the system resistance at a wide range of input voltages. Unlike fusion welding, the softening or melting only occurs to the solder materials in soldering process, though there is slight diffusion between solder material and nanowires on some level. As mentioned in reference [56] , a current was applied for 1~2 min in order to pre-heat and soften the sacrificial solder nanowire by Joule heating. A rectangular voltage pulse was then applied when the solder nanowire made contact with target objects, and on this step the Joule heating was increased to cause melting and diffusion. Since the solder nanowire could be tin, gold and tin-gold alloy [57] , the amplitude of current and voltage pulse applied for different materials may vary.
Another approach to realize nanowire soldering is to fabricate nanowires of low melting point materials and simply conduct the reflow process as in conventional electronics integration. Thanks to the development of nanowire synthesis techniques, various solder materials like indium, tin, indium-tin, and tin-lead alloy [14, 16, 58] have been fabricated as nanowires. Fig. (6a) shows two nanowires joined by a solder joint to implement this concept [59] . In this case, solder materials were fabricated as a cap segment at one end of nanowires, thus the solder process occurred only at the interconnection area. Further investigation on the joining region (Fig. 6b) showed the presence of oxygen after solder reflow due to the oxidation of materials at atmospheric conditions. The reflow and electrical characteristics of this type of nanowire solder was systematically studied by Gu and colleagues [58] .
Adhesive Coating
Polymer adhesive coating has been used for joining multisegmented nanowires such as Au-Ni-Au nanowires [58] . Before assembly, the nanowires were immersed in a hydrophobic thiol (hexadecane thiol/HDT) solution (in ethanol). Due to the HDT bonding preference on gold over nickel/surface oxide, two kinds of metal segments were selectively patterned to be either hydrophobic (gold segment) or hydrophilic (nickel segment). In a suspension system, the hydrophobic adhesive preferentially precipitated on the hydrophobic gold segments, leading to the aggregation of nanowires on agitation. The adhesive could also be polymerized using ultraviolet light or heat to harden the adhesive and strengthen the joint. The secondary electron and backscattered electron image of two nanowires joined at the gold tips by adhesive were shown in Fig. (7) [60].
NANOWIRE NETWORK JOINING
Welding
The welding of nanowire network is mainly utilized for two-dimensional (2D) and three-dimensional (3D) integration for miniature electronic devices, such as integrated circuits, CMOS circuits. It usually involves the joining of nanowires in a large quantity, and the final 3D or 2D structure can be fabricated using either nanowire arrays or individual nanowires. In Fig. (8) , two 2D copper nanowire arrays attached on silicon substrates were placed in face-toface contact at 300 °C with the assistance of an applied pressure of 1.3 MPa [61] . After 1 hour of bonding, some nanowires with good vertical alignment were welded together while the rest were misaligned and still separated. This illustrates that for nanosized objects even a small amount of heat and compression could initiate the welding. Another interesting flash welding phenomenon was reported by Thomson et al. , featuring the use of metal chalcogenides nanowires, such as Bi 2 S 3 , and single-walled carbon nanotubes (SWCNT) [62] . These two materials were first made into thin films and then attached together. The Bi 2 S 3 nanowire layer was put on top to ensure that during exposure there was certain amount of light transmitting to reach the interface with the SWCNT layer. Due to the strong adsorbing and photothermal response under light irradiation [63] [64] [65] [66] , SWCNTs could induce local heating and further melt the Bi 2 S 3 nanowire close to the interface to form continuous films. 
Diffusion Bonding
Although similar morphological deformation as fusion welding could be observed, diffusion bonding is still considered a type of solid state welding process, mainly because it can occur at a temperature range only about 25% of the melting point of the bulk material. Gu and colleagues have used an acidic solvent as the medium to carry out the bonding process in nanowire systems [41] . A comparison between gold nanowires before ( Fig. 9a) and after (Fig. 9b) bonding is shown with the details of nanowire interconnects and the 3D network structure shown in Fig. (9c) consists of large number of pure diffusion bonded nanowires. The following electrical measurement of the bonded 3D nanowire network indicates that it is electrically conductive and has a low resistance at tens of ohm level, indicating that it is possible to enable 3D spatial sensing or surface related applications such as catalysts [41, 67] . Other than welding metallic nanowires, this method could also be extended to form ohmic contact with low contact resistance between metal-semiconductor/ceramic interfaces [68] [69] [70] .
Soldering
The most distinguished features of nanowire soldering involve the use of lead-free solder materials and solder on multisegmented nanowires. As well known, the use of lead alloy solder materials in electronics industry has raised much concern due to environmental, health and safety issues worldwide [71] [72] [73] . The promising alternatives of tin-lead solders have been more and more studied such as tin, tinsilver and tin-silver-copper (SAC) alloys with low melting point. The research work of using lead-free nanosolders for nanowire integration has been devoted to studying soldering techniques applied in nanowires joining and assembly [74, 75] . To realize nanoscale soldering, these materials were fabricated into solder segments caped on both ends of a single nanowire by the well-established electrodeposition method. This unique structure was able to join the nanowires closely contacted with each other where the joining would only take place at solder covered area, and thus the unnecessary interconnects with functional segments were avoided. Comparing to the expensive and time-consuming joining, these interconnects between nanowires formed by the soldering technique are relatively easy to perform and do not rely on advanced equipments. A large scale 3D nanowire network has been assembled by a "liquid reflow" process with external magnetic field assistance [75] . The traditional 
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reflow process usually follows a temperature programmed heating procedure in an oven with either air or nitrogen atmospheric environment. While in the "liquid reflow", the conventional gas phase environment is replaced by a liquid with high boiling point so that nanostructures are able to move freely and form the assembled structure by external forces. The result of massive nanowires joined together by nanosoldering is shown in Fig. (10) . Fig. (10a) shows the multisegmented nanowires before "liquid reflow" where different segments can be distinguished by the contrast. Fig.  (10b) presents the result from a "liquid reflow" process in which nanowires were well aligned and assembled into a network by soldered joints. Fig. (10c, d) show clearly the formation of solder joints only at the tip area of each nanowire. In all, nanowire soldering is a promising method for future device miniaturization and assembly, considering the intensive usage of soldering in the electronics industry.
NANOWIRE-ELECTRODE/CONTACT PAD JOINING
At the early stage of nanowire related researches, driven by the demand of nanowire characterization, many methods have been utilized to make nanowire-electrode contacts Fig. (8) . Two pieces of 2D copper nanowire arrays face-to-face bonding at 300°C for 1 hour under a pressure of 1.3 Mpa. Reprinted with permission [61] . regardless of the cost, complexity and efficiency. This is valuable for researchers to obtain the first hand data of the electrical, mechanical and thermal properties of nanowires. With the increasing interest on massive nanowire integration for electronic devices and real world applications, there is a need for alternative techniques which should be more affordable, efficient and less dependent on advanced equipments. In the following paragraphs, some of the currently available joining techniques will be reviewed, including soldering, fastener materials and coatings, and a novel technique called hot-pressing.
Soldering
In the previous discussion, multisegmented nanowires with solder materials caped on both ends have been proved to be able to efficiently join the nanowires. Combined with self assembly techniques such as magnetic, dielectrophoretic (DEP) assembly, this strategy could be extended to solder the nanocomponents with large sized contact pads [58, 76] . Soldering is very necessary because the contact condition of field force assembled nanowires with electrodes is very poor and needs enhancement. In most cases, the electrodes fabricated using current metallization methods have a high surface roughness comparing to the size of nanowires, and the real contact area is small. In other words, nanowire and electrode mainly have point-to-point contacts, leading to high contact resistance. During the solder reflow process, the solder materials liquefied and wetted the electrode surface, thus the contact condition dramatically improved. Fig. (11) shows the electrical resistance measured between two contact pads coated with three layers of Ni-Cu-solder (Sn/Pb) that were bridged with one Au-Ni-Au nanowire before, during and after the solder reflow. There was a huge contact resistance drop when the temperature reached 230 °C (above the melting point of Sn/Pb solder) in a magnitude several hundred times lower than the original value. Besides the electrical contact, the mechanical strength also improved when solder materials solidified and held the nanowires on the contact pads [77] . The formation of solder joints is evident in Fig. (11) compared to the image of the same nanowire before solder reflow.
In another example, a pseudo-soldering method was developed and applied for the integration of tin or indium-tin oxide based nanowire sensor device [14] . The pure tin or indium-tin alloy nanowires were first positioned between interdigitated platinum electrodes using DEP method. Several critical parameters like frequency and amplitude of the applied electric field was investigated to tune up the assembly process. Fig. (12a, b) provide a comparison of nanowire assembly under non-optimized and optimized setting. Obviously, the yield of vertically (to the electrodes) orientated nanowires was low at frequency of 10 kHz and amplitude of 0.1V, while a better result was observed using 6 MHz and 6 V. Also, the concentration of nanowires assembled on the electrode substrate could be controlled to be either dense or dilute, as shown in Fig. (12c, d) , respectively.
Then these nanowires were heated to the temperature about 10 degrees lower than the melting point of the metal or alloys in a nitrogen atmosphere. Since no oxidation was involved, the softening of the material improved the contact area condition along with possible diffusion between the nanowires and the metallic electrodes. Fig. (13a) shows a top-view of DEP assembled indium-tin alloy nanowires bridging interdigitated electrodes. The following electrical measurement results of the system resistance before and after pseudo-soldering were shown in Fig. (13b, c) respectively.
Instead of attaching solder materials to the nanowire, Hangarter et al. galvanically plated a 1 μm solder film (60Sn40Pb) on top of the nickel electrodes to perform the soldering [78] . After magnetic alignment, nanowires were placed on the pre-coated solder layer of the electrodes. Then the naowires were heated to 350 °C for 5 minutes for solder reflow and establishing better electrical contact.
Fastener Materials and Coatings
Fastener materials and coatings are often seen in mechanical joining systems. In nanoscale, a deposited thin film functions as the reinforcement on specific areas. This Fig. (11) . Electrical resistance between nanowire-bridged contact pads measured during reflow showing a dramatic drop around 180 °C. Insets are SEM images of 50-nm diameter nanowire before and after reflow [77] .
After Soldering
Before Soldering could be achieved by either electron/ion beam induced deposition or electrodeposition [79, 80] . It is also possible to directly build the contact pads on top of the nanowires to form stable mechanical contact by different metallization methods [81, 82] .
Electron/Ion Beam Deposition
Electron/ion beam is a very powerful tool that finds wide applications in more than image characterization and element analysis. The high spatial accuracy makes it promising for building structures in nanoscale. The adsorption of high energy electron/ion beam by the substrate causes the re-emit secondary electrons with a wide range of energies to decompose gaseous precursor molecules, leading to the deposition of non-volatile fragments onto the nearby area [83] [84] [85] .
For enhancement purpose, the metal deposition takes place at the existing nanowire-contact pad overlapping area, improving the mechanical robustness and electrical connection. For example, Becker and colleagues successfully joined an AFM tip with a silicon nanowire for tip-enhanced Raman spectroscopy (TERS) probe by depositing metal material on the tip-nanowire interface [86, 87] . Another example displayed on Fig. (14) , in which one Pd nanowire was manipulated to contact the MEMS device (Fig. 14a) , and a layer of Pt was deposited on the overlapping areas of nanowire and contact pads (Fig. 14b) ; then this nanowire was tested by in situ transmission electron microscopy for stress-strain curve [88] . The result from the testing in Fig.  (14c) not only showed that this nanowire has a Young's modulus of 99.4 ± 6.6 GPa, which is higher than its bulk counterpart, but also indicated the high mechanical strength of the nanowire-contact pads joining.
However, in most cases electron/ion beam-induced deposition has been used to directly build electrodes/contact pads on top of randomly dispersed nanowires. Fig. (15) shows an image of typical four-probe electrodes built upon an individual tin oxide (SnO 2 ) nanowire for electrical conductivity studies [79] . Through electrical measurement, the contact resistances could be easily calculated for nanowires of different diameters with focus ion beam (FIB) deposited platinum microleads at room temperature. Furthermore, a portable microsensor device that features single tin dioxide nanowire as the sensing component has been fabricated using FIB deposited Pt electrodes [81] .
Photolithography
Different from the 'direct write' style of electron/ion beam induced deposition, photolithography has to go through a series of processes, including photoresist (PR) coating, exposure, development, metallization, and lift-off. Since the electrode building process is carried out after the drop casting of nanowire sample on the substrate [89, 90] , the sample may be damaged during soft/post baking, PR development or lift-off. Furthermore, if no alignment was conducted before exposure, the yield of effective nanowire- electrodes contact would be very low. In Fig. (16) , a Ge nanowire has been utilized as a channel with photolithographically fabricated source and drain electrodes to form a transistor [82] . In addition, this method only applies to single or few nanowires, and is not economical for high-rate, large scale manufacturing. One problem for the electron/ion beam induced deposition is that it is very difficult to fabricate complex structures due to the high expense and slow process. In order to compensate this weakness, sometimes the photolitho- Fig. (13) . A top-view of DEP assembled nanowires bridging interdigitated electrodes (a); Current-voltage characteristic curve of nanowireelectrode contacts before (b) and after (c) pseudo-soldering [14] . graphically fabricated electrodes are used as the substrate for nanowire dispersion, and then the electron/ion beam induced deposition will only be performed on nanowires close to the pre-fabricated electrodes.
Electrodeposition
The surface thickening of electrodes could be achieved using electroless plating, an auto-catalytic, non-galvanic type of plating, or conventional electrolytic plating which requires external current/voltage applied to the system [73, 91] . Considering that electrodeposition may only occur in the liquid phase, and most electroless plating or electrolytic solutions are either acidic or basic, some metal oxides are inherently against this method, such as zinc oxide [92] . However, semiconductor [93] or conducting polymer nanowires [94] do not have such concerns. As shown in Fig.  (17) , after deposition, the silicon nanowire was embedded tightly in a thick layer of metal and both mechanical support and electrical contact problem were solved [80] . Although the deposition can be controlled by the reaction duration, lateral growth of deposited metal is inevitable. Thus this method cannot be used for structures with gap distance too small that can be easily covered by even a short period of metal growth.
Hot-Pressing
Besides conventional photolithography and ion/electron beam deposition, hot-pressing is another approach to solve the poor electrical contact issue occurred in most field force assembled nanowires with contact pads [95] . It outperforms the former two methods by its simple set-up, operation easiness and efficiency. The concept of hot-pressing is very straightforward. Once the nanowires were positioned by dielectrophoretic force with two ends sitting on the source and drain electrodes, a piece of silicon wafer was put on top of the structure. To avoid adherence of nanowires, the contact surface of this silicon wafer was coated with diamond like carbon (DLC) film. Then a hot-embossing apparatus was utilized to hot-press this sandwiched nanowire-electrode structure at 180 °C. A schematic diagram of this process is shown in Fig. (18a) , and the SEM image of the nanowire-electrode interconnects after hot-pressing in Fig. (18b) shows that the nanowire was enchased into the aluminum electrode surface. The reported electrical measurement and transistor characteristics further proved the good contacts between nanowires and the electrodes.
SUMMARY AND PERSPECTIVE
This review has indicated that joining of nanowires could be achieved by various methods. Cold-welding and fusionwelding of nanowires are straightforward ways to cause coalescence of materials, and capable of providing strong and high purity joints by melting and merging. Fastener materials and coatings have been widely used to form nanowire-contact pad joining for characterization and device integration, normally for a limited number of nanowires. However, these two methods may heavily rely on highprecision manipulation tools and advanced in situ equipments to apply the current, heat or metal deposition. Nanoscale soldering, on the other hand, looks very promising to join nanowires in a versatile and low cost way by integrating solder materials into the nanowire. These low melting point metals will form nanoscale solder joints by a simple reflow process, which is already adapted in modern electronics industry. Besides those methods, the newly reported hot-pressing method is another creative and simple way to join nanowires with metal contact pads.
The future research work of nanowire joining should be focused on the stability, device reliability and scalability in conjugation with nanowire fabrication techniques and assembling methods. Several key problems such as reducing cost, improving efficiency and yield, and realization of massive integration need to be addressed. Even though there are challenges ahead, there are plenty of great opportunities for nanowire joining techniques to be adopted in nanoelectronics and devices that can benefit our life and society. 
µm
